Fate Restriction and Multipotency in Retinal Stem Cells  by Centanin, Lázaro et al.
Cell Stem Cell
ArticleFate Restriction and Multipotency
in Retinal Stem Cells
La´zaro Centanin,1,* Burkhard Hoeckendorf,1,2,3 and Joachim Wittbrodt1,4,*
1Centre for Organismal Studies (COS) Heidelberg, Im Neuenheimer Feld 230
2Hartmut Hoffman Berling International Graduate School, Im Neuenheimer Feld 501
University of Heidelberg, 69120 Heidelberg, Germany
3BioInterfaces Programme, BioInterfaces International Graduate School
4Institute of Toxicology and Genetics
KIT, Karlsruhe Institute of Technology, Campus North, Hermann-von-Helmholtz-Platz 1, 76344, Eggenstein-Leopoldshafen, Germany
*Correspondence: lazaro.centanin@cos.uni-heidelberg.de (L.C.), jochen.wittbrodt@cos.uni-heidelberg.de (J.W.)
DOI 10.1016/j.stem.2011.11.004SUMMARY
Stem cells have the capacity to both self-renew and
generate postmitotic cells. Long-term tracking of
individual clones in their natural environment consti-
tutes the ultimate way to validate postembryonic
stem cells. We identify retinal stem cells (RSCs) using
the spatiotemporal organization of the fish retina and
follow the complete offspring of a single cell during
the postnatal life. RSCs generate two tissues of
the adult fish retina, the neural retina (NR) and the
retinal-pigmented epithelium (RPE). Despite their
common embryonic origin and tight coordination
during continuous organ growth, we prove that NR
and RPE are maintained by dedicated RSCs that
contribute in a fate-restricted manner to either one
or the other tissue. We show that in the NR, RSCs
are multipotent and generate all neuron types and
glia. The clonal origin of these different cell types
from amultipotent NSC has far-reaching implications
for cell type and tissue homeostasis.
INTRODUCTION
During adulthood, most animals regularly lose a substantial
amount of cells that need to be replaced. Blood cells and epithe-
lial cells of the intestine, stomach, and skin (among others) all
have to be generated in a continuous manner during life. The
constant generation of the new cells is achieved by adult stem
cells (Barker et al., 2008; Blanpain and Fuchs, 2009; Garrett
and Emerson, 2009), which can self-renew as well as give rise
to mature cell types. Their unique ability of self-renewal ensures
the maintenance of a stem cell pool during extremely long
periods of time, i.e., the complete life span of a given organism.
For a couple of decades it has been clear that new neurons are
generated in the adult central nervous system (CNS) of
mammals, birds, fish, and amphibia (Adolf et al., 2006; Alvarez-
Buylla, 1992; Nguyen et al., 1999; Zhao et al., 2008). Generation
of new neurons happens in so-called neurogenic niches. The
subventricular zone of the lateral ventricles (SVZ) and the
subgranular zone of the dentate gyrus (SGZ) in the rodent
hippocampus are the most studied at the cellular and molecularCellevel so far (Alvarez-Buylla and Garcia-Verdugo, 2002; Grandel
et al., 2006; Kriegstein and Alvarez-Buylla, 2009; Suh et al.,
2009). Although stem cell behavior was studied at the level of
individual cells in the spatiotemporally well-definedmouse intes-
tine (Snippert et al., 2010), comparable in vivo studies in neural
stem cells (NSCs) were not possible in any vertebratemodel until
now. Adult neurons could be formed from genuine neural stem
cells that self-renew in vivo, or alternatively originate from
a pool of clonally unrelated neural progenitors that replace
each other when they eventually get exhausted. Ultimately,
a postembryonic stem cell in vivo can only be defined by
following a single clone of cells in its natural environment for
the entire life.
Genetic models like teleost fish (zebrafish [Danio rerio] or
medaka [Oryzias latipes]) grow permanently throughout life and
therefore constitute an excellent model to study stem cells
in vivo. Adult stem cells in fish were implicated in the mainte-
nance, growth, and/or regeneration of several tissues and
organs like heart, melanocytes, fins, oocytes, sperm, and the
hematopoietic system (Nakamura et al., 2010; Raya et al.,
2003; Traver et al., 2003; White and Zon, 2008). Several zones
of adult neurogenesis have also been described in the fish brain
(Adolf et al., 2006; Alunni et al., 2010; Grandel et al., 2006;
Nguyen et al., 1999) and in the retina (Amato et al., 2004;
Raymond et al., 2006). The mature fish neural retina offers
the advantage of its stereotypic cell type composition and
distribution (Dowling, 1987). Most importantly, there is a clear
spatial compartmentalization separating differentiated and
proliferating cells: whereas mature neurons and glia are distrib-
uted in different layers in the central part of the retina, most of
the postembryonic proliferating retinal cells in an intact retina
reside in a peripheral domain, the so-called cilliary marginal
zone (CMZ) (Perron and Harris, 2000). The other proliferating
cells are the Mu¨ller glia, which are distributed all along the
differentiated retina and generate rods under physiologic condi-
tions and different retinal cell types upon injury (Bernardos
et al., 2007; Fimbel et al., 2007; Johns and Fernald, 1981). The
CMZ has been extensively described during the last decades
regarding proliferation properties, gene expression profiles,
signaling pathways involved, and embryonic mutant analysis,
mostly in embryos and to some extent at postembryonic stages
(Agathocleous andHarris, 2009; Amato et al., 2004; Johns, 1977;
Moshiri et al., 2004; Reh and Levine, 1998; Wehman et al., 2005).
Strikingly, the evidence for cells in the CMZ functioning as bonal Stem Cell 9, 553–562, December 2, 2011 ª2011 Elsevier Inc. 553
Figure 1. Medaka Retina Constitutes an Ideal
Model for Clonal, Long-Term Lineaging
(A) Medaka embryos were injected with Dextran coupled
to Alexa 488, Alexa 564, and Alexa 647. At blastula stages,
10–15 cells from each donor were explanted, mixed,
and injected into a blastula expressing membrane-
tagged CFP.
(B) At stage 21, optic cups of transplanted embryos were
analyzed for neighboring cells in different colors.
(C) Most of the retinal progenitor cells (RPCs) analyzed
behaved as individual clones, with host cells separating
colored RPCs.
(D) Wimbledon+/ fish express EGFP ubiquitously even
during adult stages.
(E) Transplantation of Wimbledon+/ cells into unlabelled
host blastula facilitates long-term tracking of these cells
and their progeny, asterisk pointing to clones in the brain
and somites; (E0 ) closer look at Wimbledon clones in
a chimeric adult eye.
Scale bars represent 50 mm (B) and 10 mm (C).
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Life-Long Lineage of Fish Retinal Stem Cellsfide stem cells has remained circumstantial so far, even though
attempts for clonal analysis of precursor cells were made in
the embryonic frog retina (Wetts et al., 1989). Because the neural
retina grows during the entire life of a fish by addition of new
neurons, cells in the CMZ were assumed to be retinal stem cells
(RSCs) even though this has not been formally confirmed by
long-term lineage analysis.
The vertebrate neural retina (NR) is covered by the retinal-
pigmented epithelium (RPE), which functions as a light-shield
and is crucial for maintaining the proper performance of photore-
ceptors in the NR (Martı´nez-Morales et al., 2004). Because the
NR grows permanently in fish and amphibians, tight coupling
between NR and RPE is required to ensure the life-long function
of the eye. Therefore, NR and RPE in fish constitute an ideal
model to study coordinated growth of two tissues in a CNS
organ. In a technically challenging study, Wetts et al. (1989)
labeled individual cells in the embryonic frog CMZ and showed
that few precursor cells can generate cell types of both tissues
simultaneously. To address the existence of genuine postembry-
onic stem cells in both neural retina and retinal pigmented
epithelium, we exploited the constantly growing medaka retina.
We took advantage of the well-known temporal order of neuron
addition described in Xenopus (Hollyfield, 1968; Straznicky
and Gaze, 1971) to follow clones for extremely long periods
of time—up to 1 year. By using a chimeric approach with
Wimbledon, a permanently and ubiquitously EGFP-expressing
fish, we show that single retinal cells can generate arched
continuous stripes (ArCoS) that grow permanently. Every ArCoS
analyzed contains all cell types of the differentiated neural retina
including neurons and glia, demonstrating that all postembry-
onic RSCs are indeed multipotent. In addition, we demonstrate
that although the NR and the RPE grow at the very same rate,
they are maintained by independent postembryonic stem cells.
RESULTS
The Medaka Retina Is an Ideal Model for Long-Term
Clonal Lineage Analysis
Ultimately, to define apostembryonic stemcell requires following
a single cell clone in its natural environment for long periods of554 Cell Stem Cell 9, 553–562, December 2, 2011 ª2011 Elsevier Inctime—ideally the entire life. Therefore, there are two prerequi-
sites for addressing the stemness of individual postembryonic
cells: (1) a reliable method to produce clones and (2) tools
that allow long-term lineage tracing. By using transplantation
approaches, we have previously shown that the optic cup
of medaka is formed by independent migration of single
retinal progenitor cells (RPCs) (Rembold et al., 2006b). Because
RPCs will subsequently differentiate and generate seven
different cell types, their initial incorporation into an organ in
a single-cell manner constitutes an ideal model for clonal anal-
ysis in the medaka retina. In order to further assess the degree
of dispersion of cells transplanted at the blastula stage in the
medaka optic cup, we performed multicolor transplantations.
Medaka embryos were injected at the one-cell stage with
Dextran coupled to Alexa 488, Alexa 546, or Alexa 647 (Figure 1A;
see Experimental Procedures). At blastula stages, 10–15 cells
from each donor were mixed and transplanted into Tg(wimb::
memECFP) hosts (Figure 1A), and optic cups were analyzed at
stage 21 (Figures 1B and 1C). We observed in 86.4% of the
cases (n = 469 RPCs distributed in 14 retinae) independent
clones originating fromsingle RPCs distributed all along the optic
cup. This highlights that transplantation of limited numbers of
cells is a valid approach to study clonal relationships in the
medaka retina.
In an independent gene-trap screen carried out in the
laboratory (B.H. and J.W., unpublished), we isolated a ubiqui-
tously EGFP-expressing fish that we named Wimbledon. In
Tg(Wimbledon+/) fish, EGFP is brightly expressed in all cell
types analyzed and during the entire life of the fish (Figure 1D).
When transplanted into unlabeled host embryos,Wimbledon+/
cells and their progeny contribute to all germ layers and can be
followed for the entire life span of the fish (Figure 1E and data
not shown). Therefore, Tg(Wimbledon+/) fulfills the second
requirement and constitutes an ideal resource for long-term
clonal analysis in medaka.
An Exquisite Spatiotemporal Order of Neuron Addition
in the Medaka Neural Retina
The cilliary marginal zone (CMZ) harbors the largest part of
the postembryonic retinal proliferating cells in Xenopus and.
Figure 2. Spatiotemporal Organization of the
Mature Medaka Retina
(A) Medaka retina is a highly 3D organ.
(B) A transverse section shows the central layered retina
and the ciliary marginal zone (CMZ) at the periphery.
(C) Cells in the CMZ incorporate BrdU (left). When BrdU
pulse is followed by a chase of 10 days, BrdU+ cells are
found in more central positions (center) and even more
central after a chase of 3 months (right).
(D) Within the BrdU+ group older neurons, recognized by
a strong BrdU label, are found more central than younger,
more weakly labeled neurons, both after short (top) and
long (bottom) chases.
(E) The retina shows an exquisite spatiotemporal organi-
zation with old neurons in the central part and newer close
to the margin.
Scale bars represent 50 mm. See also Figures S1 and S2.
Cell Stem Cell
Life-Long Lineage of Fish Retinal Stem Cellszebrafish (Perron and Harris, 2000). We analyzed the postembry-
onic retina of medaka (Figures 2A and 2B) for proliferation
markers and found that also there, cells in the CMZ are positive
for the mitotic markers phospho-histone H3 (H3P) and prolifer-
ating-cell nuclear antigen (PCNA) (Figures S1A and S1B avail-
able online). Those cells continuously proliferate as revealed by
the efficient incorporation of the thymidine analog BrdU (Figures
2C and S1C) throughout life (Figure S1D). Therefore, the CMZ is
the region supplying new cells for the constant postembryonic
growth of the medaka retina.
To study whether the order of neuron addition in the medaka
retina is stereotypic enough to track cells for long periods ofCell Stem Cell 9, 553time, as suggested by work done in Xenopus
several decades ago (Hollyfield, 1968, 1971;
Straznicky and Gaze, 1971), we performed
BrdU incorporation experiments. Because
addition of new cells by the CMZ results in an
outward growth, cells in the CMZ that incorpo-
rate BrdU (Figure 2C, left) and differentiate get
further centralized after several months (Fig-
ure 2C, middle and right). Analysis of the
BrdU+ cluster soon after the pulse revealed
a delicate order among cells labeled in the
same event. Younger, peripheral cells actively
dividing after the pulse diluted the incorporated
BrdU out and are weakly labeled; older, central
cells that differentiated soon after the BrdU
incorporation retained a strong signal (Fig-
ure 2D, top). The same BrdU gradient is
observed after extended periods, indicating
that cellsmaintained their relative positions (Fig-
ure 2D, bottom). These results point at an accu-
rate temporal order of neuron addition in the
postembryonic fish retina that is spatially main-
tained throughout life. As in zebrafish (Allison
et al., 2010), iterative IdU/BrdU pulses provided
during early juvenile stages result in the forma-
tion of concentric rings of labeled cells that
never mix up, with BrdU+ cells located more
peripherally, revealing their later birth date (Fig-
ure S2). Thus, the CMZ grows outwards andnewly generated neurons are left behind, resulting in a central-
to-periphery temporal distribution (Figures 2E and S2). The final
position of a neuron in the adult medaka retina is a direct read-
out of its birth date.
Medaka Retina Contains Genuine Retinal Stem Cells
The spatiotemporal order of the adult fish retina described above
provides an excellent scaffold for lineage studies of individual
cells. In order to permanently label individual cells in the CMZ
and their upcoming offspring, we followed a chimeric approach
with Tg(Wimbledon+/). Transplating 15–20 Wimbledon+/ cells
to the central tip of a medaka blastula reproducibly results in–562, December 2, 2011 ª2011 Elsevier Inc. 555
Figure 3. Retinal Stem Cells Generate Arched
Continuous Stripes during Retinal Growth
(A)Wimbledon+/ cells transplanted at blastula stages are
incorporated in the host retina and differentiate into all
possible cell types.
(B and C) Transplanted cells that were incorporated in
the CMZ form arched continuous stripes (ArCoSs) of
neurons spanning from the central retina to the adult
CMZ demonstrating the presence of genuine retinal
stem cells (RCSs) (front and back views in B, scheme in C).
The temporal organization described before applies to
each ArCoS: oldest neurons are close to the embryonic
retina (B, right arrow) and youngest are close to the CMZ
(B, left arrow).
(D) Frontal view of the retina allows detailed analysis of the
ArCoSs’ width.
(E) Each ArCoS was assigned a value along the A/P and
D/V axis.
(F) Wider ArCoSs are located preferentially in the ventral/
posterior regions of the retina. Circles represent individual
ArCoSs.
Scale bars represent 100 mm.
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Life-Long Lineage of Fish Retinal Stem Cellsembryos harboring mosaic retinae with a limited number
of EGFP+ cells (83% of the retinae contained differentiated
Wimbledon cells, n = 136). The majority of transplanted cells
that were incorporated into the retina differentiated during reti-
nogenesis and acquired postmitotic identities during embryonic
development (Figure 3A). These transplantations also resulted
in the incorporation of Wimbledon cells into the CMZ, and juve-
nile fish with EGFP+ clones in the CMZwere grown from 6weeks
up to 1 year, at which time eyes were enucleated and analyzed.
The progeny of these EGFP+ cells formed arched-continuous
stripes (ArCoS) spanning from the central and embryonic retina
to the adult CMZ (Figures 3B and 3C). The incidence of ArCoSs
reached 57.7% of the retinae analyzed, and the number of
ArCoS per retina ranged from 1 to 19 (average 5.7 ± 3.9,
n = 412 ArCos distributed in 72 retinae). The presence of ArCoS
demonstrates the existence of adult retinal stem cells (RSCs)
that self-renewed and gave rise to progenitors to ensure a
constant supply of new neurons to the retina.
Our experiments showed that ArCoSs form from any position
along the circumference of the CMZ. With respect to their
width, the majority of the ArCoSs (86%, n = 136) cover a small
percentage of the retina circumference, ranging from 0.5% to
3% with an average width of 2.04% ± 1.57% (Figure 3D). We
did observe, however, much wider ArCoSs covering up to
11.14% of the retina (14%, n = 136). This opens the possibility
that the proliferative potential of RSCs is not equal around the
circumference of the CMZ. To address whether position along
the A/P and D/V axis impacts on the clone size, we conferred
each ArCoS a D/V A/P value, where 12:00 is the most dorsal
region, 3:00 posterior, 6:00 ventral, and 9:00 anterior (Figure 3E).
Although the average of ArCoS’s width didn’t differ significantly
among the different regions (dorsal = 1.83 ± 0.87, anterior =
1.85 ± 0.94, ventral = 2.2 ± 1.84, and posterior = 3.05 ± 2.74;
n = 49 ArCoS distributed in 13 retinae), we observed that the
wider ArCoSs (those which occupy more 3% of the retina)556 Cell Stem Cell 9, 553–562, December 2, 2011 ª2011 Elsevier Incwere most likely to occur in ventral and posterior regions (0/9
for dorsal, 1/14 for anterior, 3/12 for ventral, 4/14 for posterior)
(Figure 3F). Altogether, these results indicate a higher prolifera-
tive capacity of RSCs located in the ventral/posterior CMZ.
Retinal Stem Cells in the CMZ Are Multipotent
The mature vertebrate retina is composed of seven different
cell types stereotypically distributed in three nuclear layers.
During embryonic retinogenesis, all retinal cell types are formed
by retinal progenitor cells (RPCs). Individual RPCs generate
different types of neurons and glia in amphibians, chicken,
mice, and rats (Fekete et al., 1994; Holt et al., 1988; Price
et al., 1987; Turner and Cepko, 1987; Turner et al., 1990; Wetts
and Fraser, 1988; Wetts et al., 1989). Extending these analyses
to later stages of development, and therefore to potential stem
cells, was not possible so far mainly because of technical limita-
tions. The availability of Wimbledon fish and the formation of
clonal ArCoSs in transplantation experiments in medaka consti-
tute an ideal model to study the cell types generated by indepen-
dent postembryonic RSCs.
To address the potency of postembryonic RSCs, we analyzed
more that 500 ArCoSs distributed inmore than 70 retinae for their
cell type composition. If RSCs were unipotent they would give
rise to ArCoSs composed of a particular cell type (Figure 4A,
left). Different ArCoSs would therefore have diverse cell type
compositions according to the specific RSC labeled in the
CMZ. Alternatively, if RSCs were multipotent, every ArCoS
would contain all cell types of the neural retina (Figure 4A, right).
We addressed that question histologically and immunohisto-
chemically and found that every ArCoS analyzed consisted of
a continuous column of EGFP+ cells that spans the three nuclear
layers (Figure 4B) and contains all the different retinal neurons
and Mu¨ller glia (Figures 4C and S3). This indicates the multipo-
tent nature of RSCs. To also address the complete temporal
axis in a single ArCoS in whole eyes, we applied DSLM.
Figure 4. RSCs Are Multipotent
(A) If RCSs are cell type specific, they should form ArCoS containing just a single cell type (left); on the contrary, multipotent RSCswill generate ArCoS that contain
all different cell types (right).
(B) A section perpendicular to the ArCoS reveals that the all cell types across the three nuclear layers are fluorescent.
(C) A closer look at the radial boundary of the ArCoS facilitates the identification of the different cell types based on their exclusive morphology.
(D) 3D reconstruction of an intact adult retina that presents two independent ArCoSs; each ArCoS includes RSCs in the CMZ (arrows).
Scale bars represent 50 mm. See also Figure S3 and Movie S1.
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Life-Long Lineage of Fish Retinal Stem Cellstechnology (Keller et al., 2008) to image intact adult retinae. 3D
reconstructions show that every ArCoS spreads over the three
nuclear layers along its entire length (Figure 4D; Movie S1).
3D reconstructions also show that ArCoSs are initiated by
Wimbledon cells contained in the CMZ (arrows in Figure 4D)
that give rise to the retinal cell types throughout life.
To address whether the small fraction of comigrating RPC
ArCoS formation happens in a clonal or composite manner, we
carried out a series of transplantation experiments involving
multiple transgenic donors labeled in different colors. We gener-
ated three additional transgenic lines to set up a ‘‘Grand Slam,’’
a set of four fluorescent medaka donors: (1) Wimbledon, ex-
pressing nonlocalized EGFP and DS-Red, (2) Roland Garros,Figure 5. Multicolor Transplantations Confirm the Clonal Origin of the
(A) AGrand Slam of four trangenicmedaka expressing different fluorescent protein
experiments.
(B) ArCoSs formed by a combination of cell-specific RSCs should display differe
them should be composed of just one color (right).
(C–E) All ArCoS analyzed were composed of cells of a unique color, even ArCoS
Scale bars represent 50 mm.
Celexpressing a nuclear-tagged Cherry, (3) USOpen, expressing a
membrane-tagged Cerulean, and (4) Aussie, expressing a
nuclear-tagged EGFP (Figure 5A). We transplanted a mix of
8–15 cells from each donor blastula into unlabelled hosts, grew
them to adulthood, and analyzed the color composition of indi-
vidual ArCoSs. If two or more different RSCs, each one of
them displaying a restricted potency, are necessary to form an
ArCoS, we should observe ArCoS displaying different cell types
in different colors (Figure 5B, left). On the contrary, if ArCoSs
are clonal (as indicated above), all of them should be composed
of just one color (Figure 5B, right). We analyzed 76 ArCoSs
distributed in 17 retinae and all of them were composed of
a single fluorescent color (Figures 5C–5E), demonstrating thatArCoSs
s with distinct subcellular localization were used as donors in cotransplantation
nt cell types in different colors (left). On the contrary, if ArCoSs are clonal all of
s in close proximity (C and E), demonstrating their clonal origin.
l Stem Cell 9, 553–562, December 2, 2011 ª2011 Elsevier Inc. 557
Figure 6. Coordinated Growth of the NR and RPE Is Achieved by Fate-Restricted Postembryonic Retinal Stem Cells
(A) A pulse of IdU followed by a short chase and a pulse of BrdU results in two rings of cells that do not mix, both in the NR and the RPE.
(B) RPE rings are located over neurons generated at the same time point.
(C) Dorsal view of a medaka Heino (albino) harboring pigmented transplanted cells in the RPE.
(D) Front (left) and back (right) views of a retina from (C); RPE forms clonal stripes that extend from the peripheral margin toward the central (embryonic) part
of the retina.
(E) Entire retinae from nonpigmented host, transplanted with pigmentedWimbledon cells, show that NR (green asterisks) and RPE (gray asterisks) aremaintained
by independent stem cells.
Scale bars represent 100 mm. See also Figure S4.
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Life-Long Lineage of Fish Retinal Stem Cellsthey are of clonal origin and are not derived from different trans-
planted cells. Even ArCoSs located next to each other showed
clonal color restriction of the individual neighboring ArCoSs
(Figure 5E).
Taken together, these results show that all retinal cell types
originate from multipotent cells in the CMZ. Also, and most
importantly, the fact that all ArCoSs analyzed contained all cell
types of the neural retina implies that the earliest decision during
stem cell fate acquisition is to either be a multipotent stem cell or
not be a stem cell at all.
Independent Maintenance of NR and RPE
by Dedicated RSCs
During early embryonic fish development, the neural retina and
the pigmented epithelium arise from a common pool of Rx3+
cells (Supplemental Experimental Procedures and Figure S4),
as it is known for other vertebrate species. It has been suggested
that in Xenopus some RPCs can generate both NR and RPE cells
(Wetts et al., 1989), opening the possibility for the existence of
common RSCs, maintaining both NR and RPE.
While analyzing the growth of NR and RPE, we noticed that the
RPE displays the same spatiotemporal order that we observed in
the NR. By performing iterative BrdU/IdU pulses at different time
points, concentric rings of labeled cells in the adult RPE were
superimposed to the concentric rings of neurons in the NR558 Cell Stem Cell 9, 553–562, December 2, 2011 ª2011 Elsevier Inc(Figures 6A and 6B). This result highlights the temporal match
between the addition of neurons to the NR and epithelial cells
to the RPE.
Intriguingly, the way the RPE grows in Xenopus after grafting
a piece of pigmented retina into an albino host (Hunt et al.,
1987, 1988) resembles the shape of the ArCoSs that we
observed in our clonal analysis. We performed blastula trans-
plantations from pigmented medaka Cab blastulae to nonpig-
mented medaka Heino blastulae and observed that adult
chimeric retinae contained pigmented stripes (Figure 6C) span-
ning from the more central, embryonic retina to the more periph-
eral, adult retina (Figure 6D). We therefore conclude that in fish,
the same type of ArCoS-based growth sustains not only the NR
but also the RPE.
Next we addressed whether the similar clonal expansion as
well as the precisely matched cell addition occurring in NR and
RPE was due to a common stem cell or due to the tight coordi-
nation of independent stem cells. We transplanted pigmented
Wimbledon cells into a nonpigmented, unlabelled host to
analyze the spatial correlation of NR ArCoS and RPE stripes.
We studied 272 NR ArCoS and 261 RPE stripes distributed in
47 retinae and found that in 98.2% of the cases, NR ArCoS
and RPE stripes mapped to spatially distinct, nonmatching
positions in the adult medaka retina (Figure 6E). This indicates
a separate origin of adult NR and RPE. Although the sparse.
Cell Stem Cell
Life-Long Lineage of Fish Retinal Stem Cellsoccurrence of perfect matches probably reflects random events,
we cannot exclude the existence of a rare common RSC. The
relative incidence of NR ArCoSs and RPE stripes per retina
ranges from 0.25 to 2.5 (NR ArCoS/RPE stripes), and 94.6% of
the retinae (n = 56) do not possess the same number of stripes
in both tissues, further arguing against a common RSC with
progeny migrating away from the position in which new cells
were generated. Of particular interest were retinae having NR
ArCoS, but no RPE stripes, or RPE stripes but no NR ArCoS,
which clearly show that a given RSC can generate cells contrib-
uting to one tissue and not to the other (12.5%, n = 56 retinae).
Taken together, our results clearly demonstrate the presence
of dedicated sublineages of RSCs that contribute to either the
NR or the RPE.
DISCUSSION
The retina has been an attractive model system to study the
potential contribution of progenitor cells to the neural retina
and the pigmented epithelium in different developmental and
experimental contexts. Our work integrates observations from
a variety of different species into a single animal model and
thus consolidates findings and hypotheses. Applying tools avail-
able in fishes, we demonstrate the presence, localization, and
potency of organ-specific, retinal stem cells. We combined
ubiquitously fluorescent transgenic lines and experimental
embryology and recorded the entire history of cell divisions of
individual stem cells and their progeny in the CNS. We show
that neurons and glia in the neural retina are derived from amulti-
potent adult RSC that forms an arched-continuous stripe
(ArCoS). In a second step, we use the spatiotemporal informa-
tion that ArCoSs provide to study the growth coordination of
the NR and the RPE. We observed that they are maintained by
independent tissue-specific stem cells during the postembry-
onic life despite their common early origin and similar mode of
growth.
To ultimately define a postembryonic stem cell requires
following a single cell clone in its natural environment for long
periods of time—ideally the entire life. A stem cell will self perpet-
uate resulting in ever-growing clones that always include undif-
ferentiated cells maintaining the growth potential. Although
clonal analysis of stem cells was described in the spatiotemporal
well-defined mouse intestinal crypts (Snippert et al., 2010),
tracking a nonexhausting clone of neurons in the postembryonic
CNS has not yet been possible. In the SVZ or SGZ, neuroblasts
and/or newly generated neurons move far away from the neuro-
genic niche to be integrated into already-existing circuits, result-
ing in the complete loss of positional clonal coherence. Here
we used the exquisite spatiotemporal arrangement of neuron
addition in the fish retina to overcome this problem. The stereo-
typic way in which new cells are integrated in the NR, and the fact
that even embryonic cells are maintained in this CNS organ,
allowed us to follow neural clones during the entire life of the
fish. ArCoSs constitute the ultimate way to demonstrate the
existence and highlight the properties of NSCs in their natural
and intact environment.
The best-studied adult neurogenic niches in mammals were
shown to produce limited types of neuronswhen analyzed in vivo
in their natural environment. We found that in the fish retina,Celpostembryonic NSCs generate all cell types in the tissue
including neurons and glia, demonstrating the multipotency
of a RSC in vivo. During early embryonic development, clonal
analysis has demonstrated multipotent retinal progenitors in
several vertebrate species (Fekete et al., 1994; Holt et al.,
1988; Price et al., 1987; Turner and Cepko, 1987; Turner et al.,
1990; Wetts and Fraser, 1988). Single-cell lineage analyses in
species containing a CMZ were technically demanding. Yet,
dye-loading experiments had suggested that cells in the CMZ
of late frog embryos are multipotent (Wetts et al., 1989). A known
caveat of late-injection experiments is the potential trigger of
injury-related responses that may differ from the behavior of an
intact cell in a nonperturbed environment. In this context, our
approach facilitated the noninvasive fate tracking of RSCs that
extends into the adult life.
Our results indicate the existence of RSCs that are multipotent
and generate all cell types in the fish neural retina. Alternative
scenarios require two to seven different RSC types, each gener-
ating one or few cell types. Already if two RSC types were neces-
sary to form all neuro-retinal cell types, the co-ocurrence of these
two different transplanted RSC types must be accompanied by
the independent occurrence of each one of them. This, however,
was never observed in our experiments (>500 ArCoS containing
all cell types, not a single with fewer). Events in which clusters of
more than one labeled RSC type generate different cell types
were excluded in our multicolor, Grand Slam transplantation
experiment. Our results stress that the earliest decision a neural
retinal cell takes is to be a multipotent stem cell or not to be
a stem cell at all. Our analysis shows that the clonal relation of
cells in the central retina resides within a radial column spanning
the three nuclear layers. A given amacrine cell is clonally related
to a photoreceptor or a horizontal cell located in the same radial
column and not to the neighboring amacrine cell. The proper
ratio of retinal cell types is therefore generated in a clonal fashion
within a radial column and not by the coordination of indepen-
dent fate-restricted stem cells. In this scenario, the distribution
of cell types is intrinsically controlled. To adjust tissue growth
and maintain homeostasis, coordination can just operate via
proliferation control of stem cells.
During the fish life, the eye grows while maintaining its propor-
tions to ensure an optimal visual acuity. The growth of the neural
retina must be accompanied by growth of the retinal-pigmented
epithelium, among other tissues of the organ. The NR and the
RPE share an embryonic origin in all the species studied so far.
Because the two tissues also grow in a similar, ArCoS-based
manner, it was tempting to speculate about a common postem-
bryonic stem cell maintaining NR and RPE simultaneously.
Studies in Xenopus indicated that few individual progenitor cells
located in the embryonic CMZ can generate both RPE and NR
cells (Wetts et al., 1989). However, our long-term analysis of
adult RSCs clearly indicates that during postembryonic life, NR
and RPE are maintained by two independent stem cell lineages.
We hypothesize that during development, an early event of fate
restriction of retinal progenitor cells gives rise to two distinct
classes of retinal stem cells: RPE stem cells and the multipotent
stem cells of the NR. The tight coordination of these stem cell
populations through proliferation control in the CMZ highlights
the key element in retinal growth coordination and identifies
a new target for future research. Intriguingly, we observed thatl Stem Cell 9, 553–562, December 2, 2011 ª2011 Elsevier Inc. 559
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occurred preferentially in the ventral and posterior neural retina.
Similar results were reported for RPE growth in Xenopus (Hunt
et al., 1987, 1988), suggesting either a local crosstalk between
the RSC populations to match growth rates or extrinsic cues
impinging equally on proliferation of both RSC populations.
In vivo ArCoS formation in the fish eye provides a direct read-
out for NSC research in an intact adult organ. We have used
ArCoS to show that remarkably, all RSCs hit were multipotent
and generated all cell types in the neural retina. However,
because we have generated clones by transplantations at the
blastula stage, early in embryogenesis, we cannot exclude that
during adulthood ArCoSs can be functionally divided in subdo-
mains containing RSCs restricted in fate. Nonetheless, even
in that case, cell-type-specific RSCs will still share a clonal
origin. New inducible techniques to label individual cells in
adults, like the one used to characterize the adult stem cell niche
in the mouse intestine at the single-cell level (Snippert et al.,
2010), will certainly be appropriate to further address this aspect
of retinal growth in fish. In addition, modulators of the well-tuned
ratio of proliferation and differentiation could be addressed
by the shape of the ArCoS formed by mutant or genetically
modified cells in an otherwise wild type retina. These ap-
proaches are not limited to NR and RPE but can be expanded
to any tissue displaying the same spatiotemporal organization,
e.g., the optic tectum (Alunni et al., 2010). Future experiments
will allow manipulating and simultaneously following fate
decisions of neural stem cells in growth and regeneration.
EXPERIMENTAL PROCEDURES
Fish Stocks
Medaka (Oryzias latipes) stocks were maintained as previously described
(Koster et al., 1997). Lines used in the study were medaka wild-type Cab,
heino, Wimbledon+/, USOpen, Aussie, Roland Garros, and zebrafish WIK/
AB, albino, and chokh. Experimental animals were kept and treated in accor-
dance with the German national guidelines (Tierschutzgesatz).
Wimbledon Line
A transposon containing a GFP gene-trap cassette was inserted randomly
into the medaka genome (B.H. and J.W., unpublished). DS-Trap#6 showed
ubiquitous, long-lasting GFP expression and was renamed Wimbledon. 50
RACE experiments (SMART RACE cDNA Amplification Kit, Clontech, with
primer 50-AGCTTGCCGGTGGTGCAGATGAACT-30) revealed that the GFP
was fused in-frame to the first exon of the hnrnpl transcript (ENSEMBL:
ENSORLT00000000892). HomozygousWimbledon fishwere viable and fertile.
USOpen, Aussie, and Roland Garros Lines
All transgenic lines were created with vectors containing I-SceI meganuclease
sites, as previously reported (Rembold et al., 2006a; Thermes et al., 2002). We
isolated the Wimbledon promoter by assembling intronic and upstream
regions of the hnrnpl gene. A fragment of 3.1 kb upstream of hnrnplwas ampli-
fied by PCR with the primers 50-TTTTTCCCCGCAGCTCCAGTGGTGTAA
CTTGGG-30 and 50-TGAAGGATCCTATGCATAGCCTCCATCAGGTGGGCT
GG-30 (Wimb12345). A second fragment (Wimb67) was amplified form intron
6 with primers 50-ACTGACCGGTACCGCATGCAGCCCTGCTGGTTGA-30
and 50-CTGGAGCTGCGGGGAAAAACCCCGAACACGTCC-30. Fragments
Wimb12345 and Wimb67 were fused via PCR and cloned in an I-SceI plasmid
(Thermes et al., 2002) containing the zebrafish heat-shock minimal promoter
zfHsp70. The resulting vector was named I-SceI/wimbledonFull.
USOpen
Brainbow 2.1 (Livet et al., 2007) cassette was cloned into I-SceI/wimbledonFull
downstream of the wimbledonFull promoter. The Brainbow2.1 cassette was560 Cell Stem Cell 9, 553–562, December 2, 2011 ª2011 Elsevier Incinverted respective to the original publication, and the membrane Cerulan
FP is driven by the wimbledon promoter in this construct.
Roland Garros
A nuclear-tagged form of Cherry, H2A-Cherry (Brown et al., 2010), was
excised from pCS2+ and cloned into I-SceI/wimbledonFull downstream of
the wimbledonFull promoter.
Aussie
A nuclear-tagged form of EGFP, H2B-EGFP (Keller et al., 2008), was excised
from pCS2+ and cloned into I-SceI/wimbledonFull downstream of the
wimbledonFull promoter.
Dextran Injections and Transplants
A 1% solution of Dextran (MW = 10,000) coupled to different Alexa fluoro-
phores (Alexa 488, Invitrogen D22910; Alexa 546, Invitrogen D22911; Alexa
647, Invitrogen D22914) was injected into 1 cell-stage medaka embryos. At
the blastula stage, cells from injected embryos were transplanted as previ-
ously described (Ho and Kane, 1990; Rembold et al., 2006b). 10–15 cells
from each donor were explanted, mixed, and transplanted to a blastula
expressing memECFP (USOpen). Embryos were maintained at 28C in
13ERM supplemented with antibiotics (Penicillin-Streptomycin Solution
from Sigma, P0781, used 1/200) and imaged at stage 21. RPCs separated
by host cells were quantified as independent, and RPCs labeled in different
color that were in direct contact were considered comigrating cells.
Long-Term Transplantation Experiments
Transplantations were done as previously described (Ho and Kane, 1990;
Rembold et al., 2006b).
Single-Color Transplants
Homozygous Wimbledon males were crossed to Cab females and 10–15
blastula cells from the progeny (100% Wimbledon+/) were transplanted to
the central part of Cab or Heino blastulae. Transplanted embryos were kept
in 13ERM supplemented with antibiotics (Penicillin-Streptomycin Solution
from Sigma, P0781, used 1/200) and selected for GFP+ cells in the CMZ.
Multicolor Transplantations
HomozygousWimbledon or heterozygous USOpen, Aussie, or Roland Garros
were crossed to Cab and 8–15 blastula cells from each donor were explanted,
mixed, and transplanted into a nonlabeled blastula. Embryos were maintained
and screened as described below.
BrdU/IdU Treatment
Fish were incubated in a 0.5 to 1 g/l IdU or BrdU solution overnight (juvenile at
10 dpf) for 2 days (juveniles at 20 dpf) or 5 days (adults). IdU/BrdU was washed
away by changing fish water at least three times during 1 day before returning
fish to regular water and feeding conditions. Because the diet provides an
excess of thymidine, this period can be considered as a chase.
Antibodies, Staining, and Imaging
Primary antibodies used in this study were rabbit a-GFP, chicken a-GFP
(Invitrogen, both 1/1000), rabbit a-DsRed (Clontech, 1/750), rat a-BrdU (AbD,
1/750), andmousea-BrdU/Idu (BectonDickinson, 1/25). Secondary antibodies
were Alexa 488a-Rabbit, Alexa 488a-Rat, Alexa 546a-mouse, Alexa 546a-
Rabbit (Invitrogen), DyLigth488a-Chicken, Cy5a-mouse, and DyLigth549-
aRat (Jackson).
For BrdU/IdU staining, enucleated eyes were fixed in PFA 4%, treated with
HCL 2N solution for 2 hr, and then blocked with serum. In the case of cryosec-
tions, they were dried up, rehydrated with PBS, and treated with HCL for
90min and then blocked with serum. Secondary antibodies used were chosen
based on minimal cross-reaction with other species. All samples were imaged
with an Olympus MVX10 binocular coupled to a Leica DFC500 camera, Leica
TCS SPE confocal, Nikon AZ100 coupled to a C1, Leica TCS SP5, and/or
DSLM (Keller et al., 2008) for reconstructions of whole eyes. ImageJ and Leica
LAS Suite software were used to process the image data.
Quantification of ArCoS’s Width along the A/P and D/V Axis
PigmentedWimbledon cells were transplanted into Heino blastulae. Embryos
were selected as described in the Results section, grown, and fixed as adults.
Before enucleating the eyes, the transplantation-triggered RPE pigmentation
pattern was used for each individual retina to specify the A/P and D/V axis..
Cell Stem Cell
Life-Long Lineage of Fish Retinal Stem CellsEyes were enucleated, stained, and mounted. The RPE pattern was used to
unambiguously assign A/P, D/V coordinates, and each ArCoS received a
given value with respect to its position in the retina. For quantifications, we
considered as ‘‘dorsal’’ the clones located between 11:00 and 1:00, ‘‘anterior’’
between 8:00 and 10:00, ‘‘ventral’’ between 5:00 and 7:00, and ‘‘posterior’’
between 2:00 and 4:00. ArCoS’s width and the entire circumference of retinae
were measured with the Leica LAS Suite software.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one movie and can be found with this article online at
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